Neostigmine failed to modify the development of ncuromuscular block in the presence of a high local concentration of tubocurarine. Only when the concentration of tubocurarine was reduced, and a suitable concentration gradient established between the receptor area and the plasma, did neostigmine increase the rate of recovery from the action of non-depolarizing neuromuscular blocking agents.
observed that neostigmine was unable to antagonize the neuromuscular block produced by tubocurarine if the plasma concentration of antagonist was greater than 2.0 ug ml"' and caused only slow antagonism when the plasma concentration was greater than 1.0 ug ml"' This effect was confirmed by Baraka in 1977 . Katz and Katz (1975) described the relative ineffectiveness of agonist drugs to antagonize pancuronium block when the recovery of the indirectly elicited twitch was less than 20% of control unless a considerable time had elapsed since the administration of the last dose of pancuronium. This present study using the isolated arm technique (Feldman and Tyrrell, 1970) allowed us to study the effectiveness of various doses of neostigmine in antagonizing tubocurarine neuromuscular block both when the plasma drug concentration was high and when it was low.
METHOD
The "isolated arm" technique described by Feldman and Tyrrell in 1970 was used for these experiments. An arterial tourniquet was inflated on the upper arm to isolate it from the general circulation just before a dose of tubocurarine 2 mg diluted in 40 ml of saline was injected rapidly into a vein on the dorsum of the hand. The tourniquet was released at a set time after completion of the injection (tourniquet time). Neuromuscular conduction was monitored by stimulating the ulnar nerve at the wrist with a square-wave supramaximal stimulus of 0.2 ms at 0.5 Hz and record-ing the tension produced in the adductor pollucis muscles using a Statham UC3 load cell preloaded to 50 g.
In these experiments the dose of tubocurarine used was standardized at 2 mg, irrespective of the size of patient (52-82 kg), as the distribution volume was limited to one arm only.
Various doses of neostigmine were used to promote an increased agonist activity in these experiments. It was always mixed with atropine 1.2 mg to minimize muscarinic side-effects. When neostigmine was administered systemically the dose was standardized at 0.05 mg kg"', but when it was given in the isolated arm, doses from 0.25 to 1.5 mg in 40 ml of saline were used.
The original experiments were carried out on both conscious volunteers and patients anaesthetized with 1% halothane with nitrous oxide and oxygen before surgery, without any discernable difference in the results. However, in order to make our conclusions as clinically relevant as possible, only the results from the anaesthetized patients are included in this paper. The consent of patients to the procedure was obtained in all cases.
(1) In the control group of three patients, tubocurarine 2 mg diluted in 40 ml of saline was injected into the isolated arm and the tourniquet deflated after 2 min ( fig. 1) .
(2) Three experiments were carried out administering neostigmine and atropine systemically 5 min before the injection of the tubocurarine into the isolated arm ( fig. 2A) .
(3) Eight experiments were performed using mixtures of tubocurarine 2 mg and neostigmine 0.25 mg, 0.5 mg ( fig. 2B ), 1.0 mg or 1.5 mg together in the solution used in the isolated arm with a tourniquet time of 2 min. To control the possible difference in onset time of neostigmine and tubocurarine, one additional experiment used a tourniquet time of 1 min and another experiment used a tourniquet time of 5 min. (4) Following the establishment of neuromuscular block using tubocurarine 2 mg in the isolated arm with a 2-min, tourniquet time, four investigations were carried out administering neostigmine 0.05 mgkg" 1 systemically at 25% recovery of neuromuscular transmission ( fig. 2 c) .
RESULTS

Amount of block
The extent of the neuromuscular block achieved in the isolated arm was not significantly altered by systemic pretreatment with neostigmine 0.05 mg kg" 1 compared with control (table I: 92.7 ±9.2% block compared with 94.3 ±4.1). Mixing neostigmine 0.25 mg, 0.5 mg, 1.0 mg or 1.5 mg with tubocurarine 2 mg in the isolated arm produced 92.5±3.6% (table II) compared with control of 94.3 ±4.1% when tubocurarine was administered alone in the isolated arm. Reducing the tourniquet time to 1 min and increasing it to 5 min did not influence the amount of neuromuscular block produced (93.0 ±3.6% compared with control of 94.3 ±4.1 %. Compared with the control group there was no statistically significant difference in the amount of block achieved in the three groups receiving neostigmine using the Mann-Whitney test for biological significance.
Recovery of neuromuscular transmission
The recovery index (Feldman, 1972) -the time taken for the twitch response to recover from 25% to 75% of its control height-was used to compare the recovery rates from the tubocurarine block in all the experiments. This gives a good comparative index of the rate of recovery of neuromuscular transmission. Compared with the control patients to whom no neostigmine was administered, patients receiving 0.05 mg kg~' i.v. 5 min before tubocurarine 2 mg in the isolated arm demonstrated a quicker recovery of neuromuscular conduction (table I: 10.5 ±1.73 min compared with 14.0 ±1.8 min in the control). This is significantly more rapid (onetailed Mann-Whitney test).
Adding neostigmine 0.25-1.5 mg with the 2 mg of tubocurarine had a small effect on the recovery index (table II compared with table I: 12.3 ±1.7 min compared with 14.0±1.8min in control).
The administration of neostigmine 0.05 mg kg"' at 20% recovery of neuromuscular block had a dramatic effect on reversal. The 25% to 75% recovery time was reduced to 4.7 ±1.75 min compared with 14.0 ±1.8 min recovery index in the control group (table II compared with table I ).
DISCUSSION
The object of this investigation was to repeat in vivo experiments previously carried out by others to study agonist/antagonist relationships using in vitro preparations. As it was impossible to achieve similar equilibrium conditions in patients, the isolated arm technique was used to simulate in vitro conditions.
When tubocurarine 2 mg in 40 ml of saline is injected i.v. in the isolated arm, a concentration gradient of drug is achieved which results in sufficient drug passing to the receptor site to cause more than 90% neuromuscular block. By the end of the 2 min tourniquet time a state of "pseudo equilibrium" is established and, so long as the tourniquet is inflated, the block remains constant. The presence of this concentration of drug in the plasma determines the degree of neuromuscular block irrespective of the concentration of acetylcholine. The injection of neostigmine 0.25-1.5 mg with the tubocurarine in the isolated arm in these experiments must have increased the available acetylcholine at the receptor site, but failed to influence the amount of block produced by tubocurarine 2 mg. This is diflicult to reconcile with in vitro experiments studying the interaction of agonist and antagonist agents at the neuromuscular junction, which have demonstrated consistent antagonism of the block. In vitro, larger doses of agonist are required to prevent neuromuscular block in the presence of greater concentrations of antagonist drug. This log-dose relationship has been demonstrated for a variety of agonist and antagonist drugs in vitro (Jenkinson, 1960; Lu, 1970; Waud, Cheng and Waud, 1973) . However, if there are two factors controlling the recovery of neuromuscular transmission following the administration of an antagonist drug-the dissociation rate constant and the concentration gradient between receptor and blood-then, although increased acetylcholine production will facilitate the dissociation of the drug-receptor combination, the absence of a favourable concentration gradient will prevent the drug leaving the receptor area. As a result, the amount of block produced will be unaflFected by the presence of neosrigmine.
Once the tourniquet is released a favourable concentration gradient will be established and the effect of neostigmine in increasing the rate of drugreceptor dissociation will be revealed. This is most obvious at peak blood concentrations of neostigmine. The effect is most pronounced when the neostigmine is administered in high doses during recovery from neuromuscular block and less effective when administered in the same dose 5 min before the establishment of tubocurarine neuromuscular block. Even after the administration of small doses of neostigmine (0.25-1.5 mg mixed with tubocurarine), once the cuff was released and the blood concentration of tubocurarine reduced to subparalytic values, faster recovery was apparent in most patients although the mean was not significantly different from the mean control recovery index.
If one envisages a simple competition between acetylcholine and a non-depolarizing relaxant for receptor sites at the neuromuscular junction, then it should be possible to antagonize the action of a given concentration of antagonist in the biophase by suitably increasing the dose of agonist, provided sufficient time is allowed for equilibrium to be established. There have been several case reports indicating that even in the relatively stable pharmacokinetic conditions produced in anephric patients to whom a relative overdose of gallamine has been inadvertently administered, complete antagonism of the neuromuscular block by neosrigmine is impossible (Fairley, 1950; Montgomery and Bennett-Jones, 1956; Feldman and Levi, 1963) . This is in agreement with Baraka's contention (1967 Baraka's contention ( , 1977 that the majority of cases of irreversible curarization are a result of high concentrations of drug in the plasma. Agoston, Feldman and Miller (1979) have suggested that, in vivo, the greater the diffusion gradient between the receptor site and the plasma, the more rapid will be the recovery from neuromuscular block. If the gradient is high (as in the isolated arm following release of the tourniquet) recovery is rapid. If the gradient is minimal (as after continuous infusion of antagonist) recovery is prolonged. This paper takes this concept one stage further by demonstrating the failure of neostigmine to prevent the development or modify the extent of the neuromuscular block produced by subparalytic concentrations of tubocurarine. This suggests that, unless a suitable gradient exists between the receptor and the plasma, allowing drug molecules to leave the receptor area once they have been displaced from the receptor site, it will be impossible to antagonize the neuromuscular block even by large doses of neostigmine.
